1. The rate of [3H]thymidine incorporation into DNA was measured in phytohaemagglutinin-stimulated lymph-node lymphocytes of the rat. 2. Addition of nucleobases or nucleosides to culture medium that already contained 0.2 mMglutamine had a small stimulatory effect on incorporation. At lower concentrations of glutamine, adenosine (even at 1 ,UM) caused a marked increase in the rate of incorporation. 3. In the absence of added glutamine, addition of nucleosides or nucleobases markedly increased the rate of incorporation: nucleosides were more effective than nucleobases; and the rate of proliferation in the presence of 10 4uM-adenosine plus 10 ,sM-uridine was similar to that in the presence of optimal concentrations of glutamine. 4. The rate of incorporation was dramatically decreased by an inhibitor of the pathway of pyrimidine nucleotide synthesis de novo. Addition of the pyrimidine nucleosides completely overcame the inhibition; addition of the pyrimidine nucleobases was much less effective. 5. These results indicate that, for proliferation of lymphocytes, glutamine is not essential and can be partially or totally replaced by nucleosides and, to some extent, by nucleobases.
INTRODUCTION
Glutamine is known to be utilized at high rates by most, if not all, rapidly dividing cells (see Krebs, 1980; McKeehan, 1982; Kovacevic & McGivan, 1983) : it is also utilized at high rates by cells with the potential for rapid cell division (e.g. lymphocytes) (Ardawi & Newsholme, 1982 , 1985 ; and it is utilized by cells that are not normally capable of proliferation, but which possess the capacity for high rates of protein synthesis and secretion (e.g. macrophages) (Newsholme et al., 1986) . All these cell types have one feature in common; at some specific time they will require high rates of synthesis of DNA and/or mRNA, and this will require purine and pyrimidine nucleotides. If these are synthesized by pathways de novo, they will require glutamine for provision of nitrogen. Thus it is known that glutamine has to be present in culture medium for proliferation (Eagle, 1955) , and the rate of proliferation of lymphocytes is dependent on the glutamine concentration (Szondy & Newsholme, 1989) . However, purine and pyrimidine nucleotides can also be synthesized from either nucleobases or nucleosides via salvage pathways. Consequently, it seemed important to investigate whether nucleobases or nucleosides can replace the requirement for glutamine in cell division. To 
Preparation of lymphocytes
Lymphocytes were prepared from rat cervical lymph nodes under sterile conditions (as described by Ardawi & Newsholme, 1983) (Culvenor & Weidemann, 1976) were then harvested on to glass-fibre filters with an automated cell harvester. The filters were washed and dried, and the radioactivity on the dried filters was measured in a liquidscintillation counter (Beckman LS 7500).
Cytidine deaminase assay
This was done by a radiochemical method. The reaction mixture contained 55 mM-Tris/HCl and 0.12 mM-[U-_4C]cytidine (0.2 ,uCi per 200 ,sl of reaction medium) at pH 7.4. The reaction was stopped by heating at 96°C for 2 min. Cytidine, uridine and uracil were separated by descending chromatography on Whatman CM.2 paper in distilled water. Cytidine deaminase activity was calculated from the percentage of the total initial radioactivity appearing in uridine plus uracil. The limit of detection for the method was 0.4 nmol/h.
RESULTS
In these experiments, [3H]thymidine incorporation into DNA was used as an indicator of lymphocyte proliferation caused by phytohaemagglutinin. We consider that this incorporation represents proliferation and not just DNA synthesis, for the following reasons (results not shown): there is an increase in the number of cells at the end of the culture period (approx. 10 % after 48 h); measurement ofthe number ofinterleukin-2 receptors by the method described by Cantrell & Smith (1983) , which, presumably measures the number of interleukin-2-receptorpresenting cells, shows that the increase in number parallels the increase in 3H incorporation (before culture, the percentage of interleukin-2-receptor-presenting cells is 2.5, which increases to 14.4, 19.8, 26.7 and 16.9 after 48 h culture at 0.01 mM-, 0.05 mM-, 0.3 mm-and 2 mM-glutamine respectively); the 3H incorporation is measured over a relatively long period (18 h), which is approximately the time for a complete cell cycle in lymphocytes; when the incorporation is plotted as a natural logarithm against time, the plot is linear (Szondy & Newsholme, 1989) , which is precisely as predicted for an increase in cell number (see Wilkinson, 1972) ; cells that have undergone proliferation can be more readily identified by incorporation of 5-bromodeoxyuridine into their DNA, and the increase in the number of bromouridinelabelled cells increases in parallel with [3Hlthymidine incorporation.
The effect of different nucleosides or nucleobases on the 3H incorporation into lymphocytes in the presence of 0.2mM-glutamine is given in Table 1 . All the nucleosides, at a concentration of I aUM, increased the rate of incorporation; there is a further small increase in incorporation when the concentration ofnucleoside is increased from 1 to 100 /zM (results not given). Of the nucleobases, only guanine and hypoxanthine increased the rate of incorporation at 1 uM, but a similar effect by adenine, uracil or cytosine was only observed at higher concentrations (10 or 100 ,sM; results not shown): in contrast, higher concentrations of cytidine markedly inhibited the incorporation (results not shown).
The effect of nucleosides on the rate of cell proliferation in the presence of a low concentration of glutamine (0.01 mM) was also investigated ( The effects of addition of nucleobases or nucleosides on the rate of proliferation in the absence of added glutamine were also investigated. It was found that, even in the absence of added glutamine, nucleosides or nucleobases (I laM), except for cytosine, increased the rate of incorporation (Table 1) . Nucleosides were more effective than nucleobases; purines were more effective than pyrimidines; and for nucleosides, the optimal concentration was 10 ,UM (results not shown). It is postulated that the differences between the effectiveness of the various purines and pyrimidines in replacing glutamine could be explained by different Km and VM.X values for the enzymes of the salvage pathways by which these compounds are converted into nucleotides in these cells.
Of particular importance, it was observed that when a purine and a pyrimidine nucleoside were given together (10 /Madenosine plus 10,sM-uridine) the rate of incorporation was identical with that observed at 0.3 mM-glutamine (10611 + 506 and 10106+402 c.p.m. respectively, when [3H]thymidine was added after 36 h of culture).
Varying the concentrations of both adenosine and glutamine indicates that the optimum concentration of glutamine decreases from 0.3 mM (at 0 and 1 ,#M-adenosine) to 0.1 mm in the presence of 10 /SM-or 100 /tM-adenosine (Fig. 1 ). This effect of adenosine at sub-optimal concentrations ofglutamine may not be important under normal conditions, but it is possible that it could be important in conditions of injury, sepsis, burns or major surgery, when the immune system is stimulated but the plasma glutamine concentration is decreased. At high concentrations of glutamine and adenosine (e.g. 0.2 mm and 10 tam respectively), there was some decrease from the optimal rate of incorporation. into DNA at 0.3 mM-glutamine (Table 2) . However, addition of uridine or cytidine plus uridine completely overcame the inhibition (Table 2) . Addition of the bases uracil or cytosine had little effect when added separately, but when added together they stimulated incorporation to about 20% of that occurring in the absence of inhibitor. It was observed that cytidine, at a high concentration (100 /M), caused inhibition of 3H incorporation into DNA (results not shown). The inhibitory effect of high cytidine concentrations on cell proliferation of lymphocytes could be explained if cytidine deaminase is absent from these cells. Thus addition of cytidine would be expected to increase the concentration of CTP in the cell, which would inhibit carbamoyl phosphate synthetase II and consequently the pathway for pyrimidine synthesis de novo: this will result in a decrease in the rate of uridine nucleotide synthesis by this pathway. If cytidine itself cannot be converted into uridine (because of the absence of cytidine deaminase), the concentration of uridine nucleotides will decrease, and this will restrict the rate of DNA synthesis. The activity of cytidine deaminase was measured in rat lymph node and human peripheral-blood lymphocytes (Parry-Billings, 1989) 
DISCUSSION
The results presented in this paper demonstrate that nucleosides can readily overcome a block of the pathways for purine or pyrimidine nucleotide synthesis de novo, whether it is caused by specific inhibition of the pathway or by general inhibition via lack o. the necessary co-substrate glutamine. The presence of one nuci-oside alone increased the rate of incorporation several-fold over that in the absence of glutamine, but did not increase incorporation rates to values observed in the presence of optimal glutamine concentrations. However, although addition of one nucleoside or nucleobase to the external medium will supply the cells with that purine or pyrimidine nucleotide which cannot be synthesized in the absence of glutamine, and, since pu.ine and pyrimidine nucleotides are not interconvertible, how is it possible to maintain a considerable rate of cell proliferation in the presence of only one nucleoside or nucleobase? One explanation could be that, even in the absence of added glutamine, the cell either stores sufficient glutamine or can produce glutamine which, even at a low concentration, will provide sufficient nitrogen to satisfy a low rate of synthesis of purine or pyrimidine nucleotide by the pathways de novo. This is supported by the observation that addition of both a purine and a pyrimidine nucleoside in the absence of glutamine produced a rate of incorporation equivalent to that in the presence of 0.3 mM-glutamine. This interpretation predicts that these cells should possess glutamine synthetase activity.
The finding that either purines or pyrimidines are capable, even if partially, of replacing glutamine in the proliferative response of lymphocytes to phytohaemagglutinin is different from that by Engstroem & Zotterberg (1984) . These workers found that only purines were effective in replacing glutamine for cell proliferation of fibroblasts. They suggested, therefore, that adenosine (or adenine nucleotides) probably has a special regulatory function in the cell cycle. Our observation that uridine is also effective in lymphocytes suggests that both purine and pyrimidines (or their nucleotides) have a regulatory role for proliferation in lymphocytes.
The present findings would appear to suggest that the requirement of glutamine for proliferation is exerted through effects on the biosynthesis and hence the maintenance of the intracellular levels of nucleotides rather than through the glutamine molecule itself. However, it remains possible that these cells can synthesize glutamine from glutamate and ammonia, and hence maintain an intracellular concentration of glutamine. In this case, glutamine or some metabolite of glutamine may function as a specific allosteric regulator of the process of proliferation. In other words, these, and perhaps other cells, might require a certain intracellular concentration of glutamine or a glutamine metabolite before DNA synthesis can occur. This speculation would predict the presence ofan intracellular receptor for glutamine or a metabolite. We gratefully acknowledge financial support from the Higher Studies Fund, Merton College, Oxford, for provision of subsistence and accommodation in Oxford for Z.S., and the Soros Foundation for provision of travel funds.
